High-efficiency, low-cost thin film solar cells are an exciting photovoltaic technology option for generating cost-effective electricity in 1995 and beyond. This paper reviews the substantial advances made by several thin. film solar cell technologies. namely, amorphous silicon, copper indium diselenide. cadmium telluride. and polycrystalline silicon. Recent examples of utility demonstration projectS of these emerging materials are also discussed.
INTRODUCTION
Thin film solar cells are an integral pa.tt of the photovoltaic (PV) technology base, whose main goals are to deliver electricity at 12¢/kWh in the year 1995 and 6¢/kWh by the year 2000 . To accomplish these major objectives. intense research and development is underway with the following materials:
amorphous silicon (a-Si). cadmium telluride (CdTe), copper indium diselenide (CulnS or CIS), and polycrystalline silicon (p-Si).
Other solar cells such as crystallin e silicon. sheet or ribbon silicon. galli um arsenide. and concentrator cells are also being investigated (Kazmerski 1989) .
In this paper. we report on the recent technological advances made by thin film solar cells in the past few years. Several advantages of thin-film solar cells have bee n reported elsewhere (U1lal .. 1989).
AMORPHOUS SILICON SOLAR CELLS AND TECHNOLOGY
Ever since the first report of a-Si solar cell with a MIS structure was published by 
Indium Diselenide
Following on the early CIS research at Boeing, ARCO Solar improved on the cell design by improving the blue response of the devices. In 1986. Choudary et al. proposed to replace the thick CdS layer which has a bandgap of 2.4 eV with. a "thin CdS" layer ( <500 A) and a wide bandgap ZnO (3.2 eV) window layer. This improved the current density by about 6 mAJcm2• or about 15%. With. this novel design shown in Fig. 2 . ARCO Solar was able to report achieving 14.1% efficiency (active area. ). This latte r efficiency was achieved with a CIS layer that included about 7% Ga in place of In. The addition of Ga improves the open-circuit voltage of the CIS devices. Boeing has also done pioneering work in the area of Ga all oying and achieved 12.5% efficiency (total area) that has been verified at SERI. and can be sputtered rapidly. !SET has demonstrated that the metals can also be deposited by E-beam evaporation. Following this step, Se is introduced via Se gas and a carri er gas such as Ar or N1• Due to interdiffusion, the elements mix and form high quality CIS. ARCO Solar has demonstrated the effectiveness of their inncvative device design and processing by making large-area modules. In 1988, they fabricated an 11.1% efficient CIS module with an apertUre area of 938 cm2, and subsequently an even larger 9.1% efficient module with an apenure area of 3900 em ::. and a power output of 35.8 W before encapsulation was reported (Ermer -· 1989) . This large CIS module is presented in Fig. 3 . Square-foot CIS modules have also been tested D\ltdoors at SERI for over a year for their reliability, under both open-circuit and load conditions. No appreciable change in performance has been observed over this extended period of testing. 
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CdTe is another promising thin-film solar cell material. Its primary advantage is that it has the optimum bandgap of 1.5 eV, which is well matched with the solar spectrum. Although several methods are available to deposit thin-film CdTe (Ull al .. 1989) , the most promising ones are eletrodeposition and spraying. Photon Energy has successfull y used the spray method to fabricate both high efficiency cells (12.3%) and modules (7.3%) (Albright .
• 1990). They have also fabricated four-square-foot prototype CdTe modules. Photon Energy has very aggressive nea.Nerm goals to enter the PV production marlc.ets. Their cost estimates suggest that they may potentiall y be one of the lowest cost module manufactUieiS. They do not appear to require the same levels of manufacturing scale (i.e. 10 MW/year) to achieve economies-of-scale.
Infact. they claim that they will achieve low cost ($1-$2/W modules) at a production level of about 3 MW/year.
Another low-cost. non-vacuum method to deposit thin-film CdTe is electrodeposition. Both Ametek and BP Solar are pursuing this approach. One of the main advantages of this method is the high materials utilization. The key technology issue for CdTe devices is the contact stability. Ametek has circumvented this problem with a novel n-i-p cell design. In this device sttucture, the undoped CdTe is sandwiched between n-CdS and p-ZnTe. There is no direct metal contact to the high resistivity CdTe.
Using this unique cell design, Ametek has ::.
fabricated 11.2% efficient cells. while BP Solar has reported fabrication of 9% efficient 900 em modules.
Ametek has also tested their submodules for over 5000 hoUIS, and within experimental error there are no significant changes in the submodule performance. 'This is shown in Fig. 4 . AstroPower is pUISUing another attractive method for making low-cost thin-film solar cells.
Their approach is to deposit silicon-films (thin p-Si) on a low-cost. ceramic substrate. Cum:ntl.y the Si film thickness is about 80-100 J.UI1 and is projected to be reduced to 20-50 J.Uil in the near future. This reduced thickness of the device along with an optical coupler for confining the incident photons via a light trapping mechanism will be used to enhance the performance of the cells. So far AstroPower has fabricated small -area laboratory devices with an efficiencies of 
TP-3679 THIN FILM PV TECHNOLOGY DEMONSTRATION PROJECTS
Due to the rapid progress made by thin film solar cell technologies there is an increasing interest on the part of utilities to test and evaluate the performance of these emerging technologies. The Photovoltaics for Utility Scale Applications (PVUSA) project -a joint project between a utiliy consortium and the U.S. Department of Energy has awarded contracts to thin film groups in a-Si. CIS. CdTe. and thin p-Si as part of their demonstration projects. System sizes varying from 20 kW to 400 kW will be install ed in Davis. California in mid to late 1990 to test these thin fllm PV systems.
SUMMARY
Thin film solar cells are strong candidates to generate cost-effective PV electricity of 12 ¢/kWh in the year 1995 and beyond. Several thin materials are being actively pursed to achieve this major objective: the most promising among them are: amorphous silicon. copper indium diselenide. cadmium telluride. and thin polycrystallin e silicon. Advanced module design and manufacturing methods are presently being investigated to lower the cost and develop stable large-area modules. This could potentiall y have a significant impact on global PV electricity production.
